DNA primase has been partially purified from wheat germ. This enzyme, like DNA primases characterized from many procaryotic and eucaryotic sources, catalyses the synthesis of primers involved in DNA replication. However, the wheat enzyme differs from animal DNA primase in that it is found partially associated with a DNA polymerase which differs greatly from DNA polymerase a. Moreover, the only wheat DNA polymerase able to initiate on a natural or synthetic RNA primer is DNA polymerase A. In this report we describe in greater detail the chromatographic behaviour of wheat DNA primase and its copurification with DNA polymerase A. Some biochemical properties of wheat DNA primase such as pH optimum, Mn + 2 or Mg + 2 optima, and temperature optimum have been determined. The enzyme is strongly inhibited by KCI, cordycepine triphosphate and dATP, and to a lesser extent by cAMP and formycine triphosphate. The primase product reaction is resistant to DNAse digestion and sensitive to RNAse digestion. Primase catalyses primer synthesis on M13 ssDNA as template allowing E.coli DNA polymerase I to replicate the primed M13 single-stranded DNA leading to doublestranded M13 DNA (RF). M13 replication experiments were performed with wheat DNA polymerases A, B, Cl and CM purified in our laboratory. Only DNA polymerase A is able to recognize RNA-primed M13 ssDNA.
INTRODUCTION
Purified DNA dependent-DNA polymerases are unable to catalyse the de novo initiation of DNA synthesis. The initiation reaction is provided by the classical DNA-dependent RNA polymerases or by enzymes called DNA primases that synthesize short RNA primers; the latter can be elongated by the replicative DNA polymerase (1, 2) . DNA primase activity has been purified from a variety of eucaryotic organisms (3 -16) . In animal cells DNA primase is strongly associated with the replicative DNA polymerase a; considerable effort has been devoted to separating both enzymes and characterizing the primase activity (17) (18) (19) ; for a recent review see Kaguni and Lehman (20) . DNA primase differs from the usual DNA-dependent RNA polymerases in that the primase has a lower molecular weight (10, 21) and a higher resistance to certain transcription inhibitors such as rifampicin and a-amanitin. Moreover, DNA primases are able to incorporate dNTP to a limited extent in addition to rNTP, while nuclear RNA polymerases are strictly specific for rNTP.
In our laboratory we have characterized several DNA polymerases from wheat germ (22 -31,37) . DNA polymerase CII has many of the properties of animal DNA polymerase a (22) (23) (24) , while DNA polymerase B can be considered as a 5-like DNA polymerase (Richard,M.C. et al, manuscript in preparation) . Wheat DNA polymerase CI resembles animal 0 polymerase (26) and DNA polymerase A resembles animal DNA polymerase y, although the wheat enzyme is not confined to the mitochondrial compartment (27) (28) (29) .
We have previously shown that partially purified preparations from wheat embryos germinated for four hours are able to catalyse the synthesis of short RNA primers (30) . A fraction of the wheat primase activity copurifies with a wheat germ DNA polymerase very similar to DNA polymerase A (30, 31) . There is a surprising difference with animal cells, where the primase activity is strongly and specifically associated with DNA polymerase a.
This report describes a further biochemical characterization of the wheat DNA primase. Special emphasis has been given to the chromatographic behaviour of this enzyme and to extensive copurification with DNA polymerase A. The analysis of the product synthesized in the presence of M13 ssDNA as template, the effect of several inhibitory agents and the specific role that DNA polymerase A seems to play on wheat DNA primase synthesized RNA oligonucleotides are presented and discussed.
MATERIAL AND METHODS
Wheat embryos were prepared from the variety Marius (Brosse Monceaux Agronomical Center, 77 130 Monceaux France). Commercial wheat germ was a kind gift from 'Les Grands Moulins de Paris' (usine de Bordeaux). Polynucleotides and oligonucleotides were from Sigma. Chem. Co, BoehringerMannheim and PL. Pharmacia. Unlabeled nucleotides were obtained from Sigma 
Enzyme purification
Wheat primase purification. The extract was prepared from 360 g of commercial wheat germ as already described (22) (23) (24) (25) (26) , except for the presence of 1% Dextran T40, 1% Ficoll T400, 1% polyvinylpyrrolidone (PVP-360) in the grinding buffer. These molecules are known to neutralize phenols present in plant extracts that could interfere with the enzymes. Proteins from a wheat extract were precipitated between 20% and 70% ammonium sulphate saturation, dialyzed against buffer A (50 mM Tris HC1 pH 7.9; 1 mM 2-mercaptoethanol; 0.1 mM EDTA; 20% glycerol and 0.1 mM PMSF), plus 0.1 M KC1, then loaded on a first phosphocellulose column (800ml) pre-equilibrated in buffer A plus 0.1 M KC1. The bulk of the DNA polymerases were retained by this resin. DNA primase activity was found in two fractions: the first was not retained in the phosphocellulose column and was detected in the flow through of this resin, the second was retained together with the DNA polymerase activities and was studied further (see diagram of purification). Proteins were eluted from the phosphocellulose column with 0.8 M KC1 in buffer A, dialyzed against buffer B (50 mM Tris-HCl pH 7.5; 1 mM 2-mercaptoethanol; 0.1 mM EDTA; 20% glycerol and 0.1 mM PMSF), and loaded on a 200 ml DEAE cellulose column equilibrated in buffer B. Proteins were eluted stepwise at 0.3 M KC1, diluted with buffer A to decrease the KC1 concentration to 0.2 M KC1, and then loaded immediately on a second phosphocellulose column (20ml) equilibrated in buffer A plus 0.2 M KC1. Primase activity was again divided in two fractions. The fraction of primase activity not retained on this second phosphocellulose was directly loaded on a 10 ml DEAE-cellulose column equilibrated in buffer B plus 0.1 M KC1. After washing, the proteins retained were eluted by a 100 ml linear gradient of 0.1 -0.6 M KC1 in buffer B. The pool of DNA primase activity was dialyzed against buffer B and loaded on a 5 ml heparine sepharose column equilibrated in buffer B plus 0.1 M KC1; the primase was eluted from this column by a linear gradient of 0.1 -0.6 M KC1 prepared in buffer B. Active primase fractions were pooled and dialyzed against buffer B plus 50% glycerol.
The enzyme was kept in 50% glycerol for several months without apparent loss of activity. (33) . Template primer annealing was performed by heating and slow cooling was as already described (22) (23) (24) (25) . Incubations were carried out for 30 minutes at 37°C. Reactions were stopped by the addition of 1 ml of ice cold 10% trichloracetic acid plus 0.1 M sodium pyrophosphate. The precipitate was filtered on nitrocellulose membranes, dried and the radioactivity counted in a PPO-POPOP-toluene scintillation mixture. H] dATP were added in the reaction mixture. The incubation was continued for 50 minutes at 37°C. The reaction mixture was directly precipitated with 1 ml cold trichloracetic acid plus 0.1 M pyrophosphate, and the radioactivity was counted as described in DNA polymerase assay.
DNA polymerase assays

DNA primase assay
Replicative synthesis of double-stranded (ds) M13 DNA
The incubation mixture contained the following reagents in a 100 /tl volume: 50 mM Tris-HCl pH 8.0; 2.5 mM MgCl 2 ; 10 mM DTT; 1 mM ATP; 250 /tM of each of CTP, GTP and UTP; 1 /tg of purified primase (heparine-sepharose fraction devoid of contaminating nuclease); 1 /tg of single-stranded (ss) M13 DNA (mp 9, strand +). Incubation for primer synthesis was performed at 37°C for 30 minutes. Replication of primed single-stranded M13 DNA into double-stranded DNA was performed by addition of the following: 250 /tM of each of dCTP, dGTP and TTP; 5 /tCi of [« 32 P] dATP and 0.5 unit of E. coli DNA polymerase I. The reaction was stopped with 10 mM EDTA and extracted twice with phenol, chloroform, and nucleic acids were precipitated in the presence of 96% ethanol at -20°C. After centrifugation the nucleic acid pellet was resuspended in 10 /tl of loading buffer (0.25% bromophenol blue, 40% (w/v) sucrose in sterile water). The reaction products were analyzed by electrophoresis on non-denaturing 0.8% agarose gels prepared in 40 mM Tris-acetate pH 8.0, 0.11% acetic acid and 1 mM EDTA. Gels were run at constant voltage (100 V ). After electrophoresis, gels were dried and autoradiographed using KODAK X-OMAT films.
Purification of animal DNA polymerases a and y. Purification of DNA polymerases a and 7 from Xenopus laevis oocytes have been described previously (32) .
Synthesis of labeled primer RNA
The reaction was performed in a final volume of 50 /tl and contained the following: 50 mM Tris-HCl pH 8.0; 2.5 mM 32 P] UTP and ATP (800 Ci /mmol), and 6 mg of wheat DNA primase. Incubation was performed at 37°C for 45 minutes and the reaction mixture was submitted as indicated to: a) digestion for 15 minutes at 37°C in the presence of 2.5 /tg of DNase I (RNase free); b) digestion for 15 minutes at 37°C in the presence of 2.0 tig of pancreatic RNase; c) or was immediately stopped without preliminary treatment (control) by the addition of 0.03% SDS; 5 mM EDTA. Two fig of denatured calf thymus DNA were added as carrier. The reaction mixture was extracted twice with phenol and once with chloroform, the nucleic acids were precipitated in the presence of 96% ethanol at -20°C. After centrifugation, the nucleic acid pellet was resuspended in 5 /*1 of loading buffer: 0.025% bromophenol blue; 0.025% xylene cyanol; 2.5% ficoll type 400. Samples ( 2 /*1) were loaded on 7 M urea-8% polyacrylamide denaturing gel, run at 50 mA then dried and autoradiographed. In similar conditions 1 ng of M13 ssDNA in the same buffer with the same final concentrations of NTP and dNTP, was primed in the presence of different amounts of wheat primase (0-2 /ig). The RNA primed-DNA was elongated in the presence of 0.5 /tg of wheat DNA polymerase A, 10 /ig of wheat DNA polymerases B, CI or CII, or 0.02 /ig of E.coli DNA polymerase I. Replication of the RNA primed M13 ssDNA was for 1 hr at 37 °C in the presence of 0.07% polyethylene glycol PEG (type 400) and 0.05% triton X-100. The reaction was stopped as described before and the precipitated radioactivity counted in a PPO-POPOPtoluene scintillation mixture.
Polyacrylamide gel electrophoresis
Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE). SDS-PAGE was performed according to Laemmli (34) and proteins were stained using the silver nitrate method (35) .
Protein determination
Protein concentrations were determined by the method of Bradford (36) using the bovine serum albumin as standard.
RESULTS AND DISCUSSION
Four DNA polymerases have been described from wheat germ in our laboratory (22) (23) (24) (25) (26) 37) . DNA polymerase B has been described as a possible 5-like polymerase (Richard et al; submitted for publication). DNA polymerase CI is a low molecular weight enzyme similar to animal DNA polymerase /3 (26) whereas DNA polymerase CII is an a-like polymerase. Wheat DNA polymerase A has been compared to animal DNA polymerase y mainly because of the preferred recognition of poly rA-oligo dT, stimulation by KC1 in the presence of this template and its resistance to aphidicolin (22, 25) . However, unlike the situation with animal DNA polymerase y , wheat DNA polymerase A is different from wheat mitochondrial DNA polymerase (27,28). In addition, DNA polymerase A was preliminary described as the only wheat DNA polymerase able to recognize a synthetic RNA primer (30, 31) . These results and the association of this enzyme with wheat DNA primase raises the question of the possible involvement of this enzyme in the initiation of DNA synthesis. Very recent work in our laboratory shows that DNA polymerase A shares some striking similarities with retroviral reverse transcriptase, thereby suggesting the involvement of this enzyme in recombination events leading to the modelling of the nuclear genome (37) .
Purification of wheat primase and association with DNA polymerase A
The first steps of the purification procedure (see Methods) were the same as those previously described (22) (23) (24) (25) . Proteins precipitated between 20 and 70% ammonium sulphate were dialyzed and loaded on a first phosphocellulose column. As illustrated in the purification diagram the wheat primase was divided into two fractions: the first which was not retained in the phosphocellulose support (about 50-60% of total primase activity) had a very low amount of DNA polymerase activity; the second retained on this first chromatographic support contained the remaining primase activity and was eluted with the bulk of wheat DNA polymerases at 0.8 M KC1. This fraction of primase (40-50%) is probably under-estimated due to the strong inhibition of the wheat primase activity in the presence of KC1 (see figure 6 ). The same situation has been described in mouse cells where 30% of the primase activity does not bind to the phosphocellulose column, whereas all DNA polymerase activity is retained (38) . We focused our interest on this second fraction of primase activity coeluting with the bulk of wheat DNA polymerases. After dialysis, proteins eluted from the first phosphocellulose column were loaded on a DEAE-cellulose column: no primase activity was found in the flow through fractions where DNA polymerases CI and CII eluted, while a significant peak of primase activity was found with DNA polymerases A and B eluted at 0.3 M KC1 (see figure 1 , panel A). This is a surprising result, since no activity has been found to be associated with the wheat a-like DNA polymerase (CII), while in animal and yeast cells DNA polymerase a purifies extensively with DNA primase (4, 5, (7) (8) (9) .
The situation in rice cells is different (39) . These authors showed that, unlike the animal primase, the bulk of the rice primase is found in the flow through of the phosphocellulose column, while the rest is retained by the resin. Both primase fractions seem to be free of a-or 7-like DNA polymerases, a situation different to what we have observed in the wheat system. As mentioned in ref 40 a primase associated with a DNA polymerase a-like activity is present in pea.
Wheat DNA primase, associated with DNA polymerases A and B, was chromatographed on a second phosphocellulose column and eluted with a continuous salt gradient. As in the first phosphocellulose step, the wheat primase was separated into two fractions: the first, which is the major form (about 75%), was not retained in the phosphocellulose and was completely devoid of DNA polymerase activity. The unretained fraction was purified further (see diagram). The second fraction was eluted at 0.45 M KC1 coinciding exactly with the DNA polymerase A peak. No primase activity was found to be associated with DNA polymerase B (5-like) ( figure 1, panel B) . This highly reproducible separation of wheat DNA primase on phosphocellulose into two fractions reflects a significant association between DNA polymerase A and DNA primase in wheat germ. In yeast cells only a minor free primase peak is detected as a shoulder of activity (5-10% of total activity) when primase is chromatographed on phosphocellulose (8) .
A DEAE-cellulose column was used to further purify the DNA polymerase activity-free primase which was excluded from the second phosphocellulose column. After extensive washing, the proteins retained were eluted by a continuous KC1 gradient (0.1-0.6 M ). The DNA primase was eluted at 0.18 M KC1. The activity peak was then loaded after dialysis on heparinesepharose and eluted with a salt gradient (0.1 -0.8 M KC1). the primase was eluted at 0.25 M KC1, dialyzed and kept at -20°C in 50% glycerol in buffer A for several months without apparent loss of activity.
This purified fraction of primase activity, which was devoid of nuclease and DNA polymerase activities, was used for all the experiments described in this work, except for the RNA primed-DNA replication assays where the primase activity from the heparine-sepharose fraction was too scarce; in this case, we used the DEAE-cellulose fraction which was significantly more active. The loss of activity in the last purification step could be due to the rather weak protein concentration (proteins after the last step of purification as determined by the Bradford method were in the limit of detection and the enzyme was quite unstable in comparison with the previous fraction i.e the DEAE-cellulose fraction). Table I is the purification summary of the chromatographic steps leading to the obtention of a partially purified wheat primase devoid of all four DNA polymerases (A, B, CI and CII) and nucleases. We checked for the possible contamination of our purified primase fraction with a classical nuclear RNA polymerase. Two results argue against the presence of RNA polymerases: first, the primase acitivity of the heparinesepharose fraction was not inhibited by a-amanitin (1 mg/ml), a known inhibitor of eukaryotic RNA polymerases II and III (RNA polymerase I, which is not affected by this drug, is strongly associated with the nucleolar fraction, and therefore is hardly found in the soluble fraction). Secondly, RNA polymerase recognizes very efficiently a poly d (AT) template: no activity was detected in the presence of poly d (AT) with purified preparations of wheat primase, indicating that probably no RNA polymerase was present. RNA polymerase II requires a higher ionic strength than wheat primase for optimal activity: (for a review on plant RNA polymerases see Becker, W.M., 41). Moreover, RNA polymerase II, the major transcription enzyme in wheat germ and soybean hypocotyl is strongly retained in a phosphocellulose column, (42, 43) which is not the case with wheat DNA primase. RNA polymerase II was also purified through a DNA-cellulose chromatographic step, while wheat DNA primase was not retained in this support (our unpublished results).
Our results seem to indicate that wheat primase cannot be compared to the 'specific primase stimulating' factor of bovine thymus described before (44) . This factor is very unstable and leads to a complete loss of activity in a few weeks, while wheat primase can be stored for several months in 50% glycerol at -20°C without loss of activity; moreover, the bovine factor is retained on DNA cellulose in contrast to wheat primase. Nor does wheat primase resembles the rabbit liver factor D, a poly dT template stimulatory protein of DNA polymerases. This factor is also very unstable: most of the activity was lost after storage for 6 days even in the presence of 0.3 mg/ml bovin serum albumin (45) .
We analysed the protein composition of the most purified fraction by electrophoresis on denaturing gels (SDS-PAGE) as described in the Methods section. As shown in Figure 2 the heparine-sepharose fraction is enriched in a doublet of about 90 Kda corresponding to the molecular weight estimated for primase after centrifugation on urea-glycerol gradient (30) . It remains to be established which of the two polypeptides supports DNA primase activity.
Biochemical characterization of wheat primase
Biochemical properties. Bivalent ions are required by all enzymes involved in nucleic acid metabolism. Thus, we looked for Mg and Mn optima in the assay for primase activity. No activity was detected in the absence of these metals. The optimum for Mg was between 1 -5 mM, while for Mn a sharp peak of 0.2 mM was obtained. The best pH in the primase assay was 8.0. We looked for the optimal temperature in the indirect assay with poly dT and ATP as substrates for primase. The best results were obtained at 37°C, while no activity was detected at 0, 10, 20 or 25°C. At 42°C the enzyme activity was lower than at 37°C, and a plateau, not observed at 37°C, was noticed. We checked the temperature sensitivity of primase by submitting the purified primase fraction to thermodenaturation at 80 °C for 10 minutes before adding the enzyme to the usual reaction mixture. Under these conditions less than 25 % of the activity could be detected (Figure 3a) .
Trypsin digestion completely abolished wheat DNA primase activity. After incubation, trypsin activity was stopped by the soybean specific inhibitor. As DNA primase is usually assayed indirectly using E. coli DNA polymerase I, it was crucial to make controls to check the following: a) whether the bacterial DNA polymerase was affected by trypsin, b) whether proteolysis was efficiently arrested by the specific inhibitor and, c) whether the soybean inhibitor had any effect itself on primer and DNA synthesis. Results shown in Figures 3a and 3b clearly show that the wheat primase activity (heparin-agarose fraction) was abolished by trypsin digestion. These results, like those on the thermal stability of the enzyme, point to the proteinic nature of the enzyme, and argue against speculation concerning the 4 . Electrophoretic analysis of the RNA primer. M13 replication reactions were carried out as described in the Methods section with [a 32 P] ATP and [a 31 ?] UTP (500-1500 cpm /pmol) as labeled substrates. After 60 minutes of incubation at 37°C, the reaction product was initially digested in the presence of 2.5 ng DNase I (lane 2), or in the presence 2.0 ng of pancreatic RNase (DNase free), for 15 minutes at 37°C (lane 3), before the reaction was stopped by the addition of 0.03% SDS, 5 mM EDTA. An equal volume of loading buffer (O.O25K bromophenol blue, 40% sucrose) was added before loading on 7 M urea-12% polyaciyiamide gel). Lane 1 shows the control reaction product without any treatment. 3, 7) or 45 min (lanes 4, 8) . In lanes 1, 2, 3 and 4 primase was not present in the reaction mixture (-); in lanes 5, 6, 7 and 8 primase was present (+). B-Sequencing of the DNA polymerase I elongated product when the template M13 ssDNA was primed with the 17 nt universal primer or by action of wheat primase. In parallel experiments 1 /ig M13 ssDNA was either primed in the presence of 0.3 ng of the M13 17 nt primer or in the presence of 0.5 /tg primase (heparine-sepharose fraction) and rNTP (see Methods). The primed M13 DNA was then elongated in the presence of dNTP plus ddNTP and E.coli DNA polymerase I for a sequencing reaction, as described by Sanger et al. Lanes 1, 3, 5 correspond to the adenosine ladder, and lanes 2,4, 6 to the guano^ne ladder. Lanes 1, 2 to the presence of primase in the priming reaction; lanes 3, 4 to the absence of the primase and lanes 5, 6 to the presence of the 17 nt primer as the priming system.
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artifactual involvement of polyphenols in the in vitro assay of plant DNA primase activity (46) .
Analysis of the product synthesized by the primase.
Preliminary experiments reported previously showed that wheat primase was able to recognize M13 single-stranded DNA as template (30) . In order to gain a further insight into this recognition process the experiment described in Figure 4 was performed. As described in the Methods section, labeled RNA primer was synthesized in the presence of primase and M13 (mp 9, +) singlestranded DNA as template with [a 32 ?] UTP and [a 32 P] ATP as labeled precursors. After 60 minutes of incubation at 37°C the reaction was stopped by the addition of SDS and EDTA, and the reaction product was analysed by electrophoresis on ureapoly aerylamide gels. The control reaction product is shown in Figure 4 (lane 1). When compared to the electrophoretic mobility of molecular weight markers (not shown), the size of the RNA primer is between 20 to 200 nucleotides in length
We checked the sensitivity of the primase reaction product to RNase digestion ( Figure 4, lane 3) . Complete disappearance of the labeled product after RNase digestion demonstrated that the primase reaction product is RNA. The same product was totally resistant to DNase I (RNase-free) digestion ( Figure 4 , lane 2).
RNA primer length was dependant on the presence of dNTP. As described in the case of the calf thymus system (47), primers of 8-15 nucleotides were synthesized in the presence of dNTP, both with poly dT and M13 DNA. In the absence of dNTP, primers of 20-40 nucleotides were formed. The size of the RNA primer synthesized by the wheat primase was previously analysed by elongation of the primase product by DNA polymerase I in the presence of [a 32 P] dATP and poly dT as the template, followed by digestion with DNase I (30). We concluded from these experiments that a heterogenous-sized primer RNA ranging from 2 to 15 residues was obtained. However, in the absence of dNTP and when the product was labeled with [7 32 P] ATP and submitted to DNase I digestion, the size of the oligoribonucleotide primers was much higher (30-100 nt) with poly dT as the template. The large size of the product labeled in the absence of dNTP prevented them from entering the gel. These results indicate the close interactions controlling primase and DNA polymerase activities. Very recently the influence of the primer size in the initiation of DNA synthesis was described (48); these authors concluded that all mononucleotides and both, oligo (1 -25 nucleotides) and longer polynucleotides (100-300 nucleotides) served as primers for DNA synthesis.
Replication of single-stranded M13 DNA. We analysed the ability of the wheat primase to allow the synthesis of the M13 doublestranded replicative form (ds RF) by DNA polymerase I. The primase was incubated for 45 minutes in the presence of singlestranded M13 DNA (ssDNA) and all four rNTP at 37°C (see methods). After this incubation to allow primer synthesis, RNA primer was elongated for different time periods by DNA polymerase I in the presence of 0.5 /tCi [a 32 P] dATP and 250 /tM of each of the three unlabeled dNTP. Figure 5 shows that, only when primase is present, can DNA polymerase I replicate M13 ssDNA, giving rise to the slower migrating M13 dsDNA (RF) (Figure 5a , lanes 5, 6, 7, 8) . In the absence of primase, no primer was available for DNA polymerase I and only DNA repair activity was possible, as shown by the labeling of the M13 ssDNA at 1, 15, 30 or 45 minutes of incubation ( Figure 5a, lanes 1, 2, 3, 4) .
The specificity of the priming reaction was analysed by sequencing the elongated product synthesized by DNA polymerase I in the presence either of M13 ssDNA primed with 0.5 ng of the universal 17-mer M13 primer, or M13 ssDNA preincubated with rNTP, with or without primase. The sequencing reaction was performed according to the dideoxynucleotide method (49) . When the universal primer was used as a primer for M13 DNA synthesis, a clear ladder for adenosine and guanosine residues was obtained when analysed on a 6% polyacrylamide-7 M urea sequencing gel (Figure 5b,  lanes 5, 6) . In the absence of primase, no product was observed (Figure 5b, lanes 3, 4) . In the presence of primase and rNTP, the product observed was a smear very similar in size to the control lane (Figure 5b, lanes 1,2) . The latter were more visible on longer exposures (not shown). This result shows that the wheat primase seems to lack specificity and initiates RNA synthesis at random sites on the M13 genome.
The effect of inhibitors on wheat DNA primase activity Effect of KCl. During the purification procedure we observed that the primase was very sensitive to the salts used for elution. As shown in Figure 6 , DNA primase was dramatically inhibited by KCl: at 50 mM KCl no activity was observed. As mentioned before the indirect assay of primase in the presence of poly dT as template depended on the use of an exogenous DNA polymerase (E. coli DNA pol I) for primer elongation. Thus, we checked the effect of KCl on DNA polymerase I: this enzyme was totally resistant to 0.1 M KCl and showed the specific effect of KCl on wheat primase under our assay conditions. A similar inhibition of primase has been described in yeast, even if the latter is slightly more resistant to KCl (50) . A similar inhibition of DNA primase by KCl has been described in animal cells (14) .
ATP structural analogs. The best template for primase is poly dT. Poly dC, poly dA or poly d(AT) are not recognized by the wheat primase (30, and P.L. unpublished results). The specificity of the ribonucleotide triphosphate substrate in the presence of poly dT as template was analysed and the results are shown in Table 2 . Only the right combination of poly dT template and ATP as precursor for primase plus dATP as the substrate for DNA polymerase A gave rise to a significant incorporation. If any other rNTP or dNTP was used instead of ATP or dATP (i.e UTP and TTP) less than 10% of the original activity was observed; this illustrates the specificity of the incorporation.
As expected the wheat primase is absolutely dependent on ATP to synthesize an oligo rA primer in the presence of poly dT as template (Figure 3a) . We studied the effect of structural analogs of ATP on primase activity (table 3) . Cordycepine triphosphate has a hydroxyl group in carbon 2' instead of carbon 3'. For this reason the phosphodiester 3' -5' bond of the phosphate backbone cannot be made. At 0.1 mM cordycepine triphosphate more than 90% of primase activity is inhibited. Under the same concentrations, E. coli DNA polymerase I was less inhibited than the wheat primase. These results indicate that wheat primase is not able to discriminate between the right substrate, ATP present at 1 mM in the assay, and this analog. The second analog, formycine triphosphate, is a well known antibiotic isolated from Table 2 . Specificity polymerase A. Two jig of Wheat primase was tested in the presence of poly dT as template and without (-), or with (+) 0.5 /ig of wheat DNA polymerase A as the replicative DNA polymerase, at 37°C for 1 hr, as described in the Methods section. Poly dT replication was tested either in the presence of UTP or ATP, dATP or TTP as substrates for the wheat primase and DNA polymerase A. Activities were in% as compared to the control reaction (100% corresponding to 17 735 cpm). Wheat primase (0.5 /»g) was tested in the presence of poly dT template, p [ 3 H] dATP, 1 mM ATP and 0.5 unit of DNA polymerase 1 plus different amounts of ATP structural analogs. E.Coli DNA polymerase I was tested in the same conditions with poly dT-oligo rA as the template. The activity is in % as compared to the control reaction (without analog).
actinomycetes (Neocordia interforma) and known for its antiviral properties (51, 52) . DNA polymerase I is resistant when tested in the presence of DNA. The effect of formycine triphosphate on wheat primase activity was less pronounced than in the case of cordycepine triphosphate: at 1 mM formycine triphosphate only about 15% inhibition of wheat primase activity was obtained.
We also studied the effect of ADP, cyclic AMP, dATP and ddATP on the poly dT replication assay always in the presence 
